The locally restricted recruitment of the multisubunit origin recognition complex (ORC) to eukaryotic chromosomes defines the position of origins of DNA replication. In budding yeast and metazoans the DNA binding activity of ORC is stimulated by ATP and requires an AAA؉-type nucleotide binding domain in the largest subunit. Little else is known about the mechanisms behind the ATP requirement for ORC in its initiator function and, specifically, the relevance of nucleotide binding domains present on other subunits. Here we show that ATP is required for specific subunit interactions in the human ORC, with the Orc4 subunit playing a critical role in this dynamic process. ATP is essential for the maintenance of ORC integrity and facilitates complex formation. Thus, besides its previously identified role in DNA binding, ATP serves also as a structural cofactor for human ORC.
The locally restricted recruitment of the multisubunit origin recognition complex (ORC) to eukaryotic chromosomes defines the position of origins of DNA replication. In budding yeast and metazoans the DNA binding activity of ORC is stimulated by ATP and requires an AAA؉-type nucleotide binding domain in the largest subunit. Little else is known about the mechanisms behind the ATP requirement for ORC in its initiator function and, specifically, the relevance of nucleotide binding domains present on other subunits. Here we show that ATP is required for specific subunit interactions in the human ORC, with the Orc4 subunit playing a critical role in this dynamic process. ATP is essential for the maintenance of ORC integrity and facilitates complex formation. Thus, besides its previously identified role in DNA binding, ATP serves also as a structural cofactor for human ORC.
AAAϩ protein ͉ DNA replication ͉ prereplicative complex T he origin recognition complex (ORC) was initially characterized in budding yeast, where its subunits ScOrc1-6 form a heterohexameric protein assembly that binds to origins of DNA replication. Despite a considerable variation in the architecture of the cis elements constituting origins in Saccharomyces cerevisiae, one sequence element, the 11-bp autonomous replicating sequence consensus sequence (ACS), is found in all these origin sequences. The replicator ACS serves as the specific binding site for the initiator protein S. cerevisiae ORC (ScORC) (1) . Subsequent to ORC's binding to the origin, other replicating factors are recruited in a highly coordinate manner. This process results in the formation of a prereplicative complex that renders the replication origin initiation competent (2) . Therefore, the binding of ScORC to the ACS is the first defined cis event in preparing any given origin for initiation of DNA replication. In vitro studies have shown that the interaction of ScORC with its cognate binding sequence is ATP-dependent. Two subunits, ScOrc1p and ScOrc5p, contain consensus ATP binding and hydrolysis motifs that, together with additional structural features, place them in the AAAϩ family of NTPases (3) . ATP binding by ScOrc1, but not ATP hydrolysis, was shown to be essential for the sequence-specific ScORC͞ACS interaction in vitro (4) . When analyzed in vivo, ScOrc1 defective for ATP binding or hydrolysis is not able to support cell proliferation (4) . However, with respect to ScORC's ATPase activity and its coordination by the different subunits involved, a mechanistic picture of its role in prereplicative complex formation is just emerging (5) .
In many other eukaryotic species ORC genes homologous to those from S. cerevisiae have been identified (2) . Where analyzed biochemically, these ORC subunits form multiprotein complexes, reminiscent of the findings for ScORC. Whereas ScORC appears to be a tight protein complex of six subunits in stoichiometric amounts, the composition of metazoan ORC is more variable. Regarding its uniformity as a heterohexamer, Drosophila ORC resembles the ScORC (6) . In contrast, the composition and subunit dynamics of other metazoan ORCs seem less static. In comparison to the budding yeast paradigm, Orc1 and Orc6 subunits often show deviating patterns in their interactions with or localization apart from the ORC core complex, Orc2-5 (7) (8) (9) (10) . It is unclear to what extent these differences reflect distinct mechanisms of origin selection, replication initiation, and proliferation control. Especially the interaction of mammalian Orc1 to the ORC core assembly in the course of S-phase progression is a matter of considerable debate (10) . Furthermore, the association of Orc6 with Orc1-5 remains to be firmly established in mammalian cells (11) .
The function of metazoan ORC in replication initiation is also dependent on ATP, best analyzed in Drosophila. There, ATP hydrolysis by Drosophila melanogaster (DmORC) and its ability to support in vitro DNA replication require an intact ATP binding and hydrolysis site in DmOrc1, but not in DmOrc4 or DmOrc5 (12) . For recombinant human ORC, an ATP dependence for sequence-unspecific DNA binding has also been reported (8) .
There are numerous examples of a role for Orc proteins in cellular processes other than the initiation of DNA replication, both in yeast (13, 14) and in metazoans (15) (16) (17) (18) (19) . Thus, addressing the contribution of individual ATP binding events in the context of ORC might ultimately also require an experimental readout unrelated to ORC's role as an initiator protein complex.
Here we report a detailed analysis of ORC subunit interactions. The stability of recombinant human ORC depended on the sustained presence of ATP. One subunit, HsOrc4, was critical for mediating these nucleotide-dependent protein interactions. Finally, we could show that the structural role of ATP is not limited to the maintenance of ORC's integrity, but ATP also serves as a cofactor for complex formation.
Results

Purification of Functional Human ORC.
Recombinant Homo sapiens ORC (HsORC) was purified from Sf9 cells after baculovirusmediated coexpression of individual ORC subunits. A modified tandem affinity purification (TAP) tag approach (20) was used for affinity purification of the complex, with the tag cassette comprised of a polyhistidine moiety, a triple hemagglutinin motif, and a tobacco etch virus (TEV) protease site allowing for the enzymatic removal of the tag cassette. This tag was fused either to the N-terminal end of HsOrc2 or the C-terminal end of HsOrc1, resulting in HsOrc2N and HsOrc1C, respectively ( Fig.  7 and Supporting Materials and Methods, which are published as supporting information on the PNAS web site). HsORC was affinity-purified from the nuclear extract of infected Sf9 cells by using anti-hemagglutinin beads recognizing the tagged HsOrc2 subunit. The protein complex was released from the matrix by TEV protease digestion. An example for such a HsORC preparation is shown in Fig. 1a . Using a Xenopus in vitro DNA replication assay (21) we showed that the recombinant HsORC purified according to our experimental procedures could efficiently restore DNA replication activity in egg extracts depleted of endogenous ORC (Fig. 1b) . Thus, our recombinant HsORC could bind to sperm chromatin and recruit other initiation factors present in Xenopus egg extracts to form a functional prereplicative complex.
The abundance of HsOrc1 and HsOrc6 subunits was mostly substoichiometric in these HsORC preparations. Especially the amount of HsOrc6 copurifying with the HsOrc1-5 complex varied greatly between different preparations, without any indications to the experimental parameters causing these fluctuations. A one-step affinity-purified HsORC from a preparation containing substantial quantities of HsOrc6 (Fig. 1a) was further resolved by centrifugation through a glycerol gradient. HsOrc1-5 moved as a single entity in the gradient, characterized by a sedimentation rate similar to catalase as found for ORC from other species (1, 6, 22) (Fig. 1c Upper) . In contrast, HsOrc6 was exclusively detected in the low-molecular-weight fractions, separated from the other HsORC subunits. The identity of HsOrc6 protein was confirmed by immunoblot analysis of the glycerol gradient fractions probed with an anti-HsOrc6 antiserum (Fig.  1c Lower).
Architecture of Human ORC. A systematic approach was taken to identify the protein-protein interactions within the HsORC. To analyze the contribution of individual ORC subunits to the formation and integrity of the holocomplex, in each of the missing-subunit assays shown in Fig. 2 one of the respective baculoviruses was left out during the infection of Sf9 cells as indicated. The proteins interacting with the tagged ORC subunit were affinity-purified from the infected Sf9 cells by means of tags on Orc1 or Orc2 and visualized by Coomassie staining of protein gels. Using HsOrc2N (Fig. 2a Left) we showed that dimeric HsOrc2,3 formed independent of, and was a prerequisite for, additional HsORC subunit interactions (Fig. 2a, lanes 1 and 4-6 ; see also ref. 9) . Note that in the absence of HsOrc3 even the tagged HsOrc2 was not recovered because of its poor solubility when not in complex with other proteins (data not shown). HsOrc2,3 formed a trimer with HsOrc5 but not HsOrc4 (Fig. 2a , compare lanes 4 and 5). However, HsOrc4 could interact with an HsOrc2,3,5 subcomplex (Fig. 2a) , forming a ''core complex'' as discussed previously (9) . The interaction of HsOrc1 with HsOrc2,3 is absolutely dependent on HsOrc4 and HsOrc5 ( their interaction with HsOrc2,3. It should be noted that the interaction of HsOrc1 with HsOrc4 and HsOrc5 is weaker than the interaction of HsOrc1 with the HsOrc2-5 complex. Interaction of HsOrc2,3 with HsOrc1 appeared to be indirect, requiring HsOrc4,5, in agreement with the reciprocal experiment using tagged HsOrc2 (Fig. 2a , compare lanes 8-11 with lanes 12 and 13). When detectable, HsOrc6 in the complex was underrepresented, and interpreting its presence in some of the subcomplexes under the chosen conditions requires further experimental confirmation. The map of subunit interactions emerging from these experiments is depicted in Fig. 2b .
Effect of ATP on the Stability of ORC.
With the notable exception of Schizosaccharomyces pombe (23) , biochemical analysis of ORC from different species revealed an increasing affinity of ORC to DNA in the presence of ATP, dependent on ATP binding sites in some, but not all, of the subunits (4, 12) . However, there appear to be species-specific differences in the nucleotidedependent increment of this gain in affinity, which might be related to different modes of origin selection mediated by ORC. To analyze in more detail possible mechanisms behind the influence of nucleotide binding on ORC function, HsORC was affinity-purified in parallel in the absence and presence of 1 mM ATP. Note that in the HsORC purification scheme described above 1 mM ATP was added during these steps. As shown in Fig.  3a , ATP did not affect the appearance of HsORC when judged by protein gel analysis. However, when these different preparations of recombinant protein were resolved by glycerol gradient centrifugation ( Fig. 3 b and c) , HsORC affinity-purified in the absence of ATP disintegrated. The HsOrc1 and HsOrc4 subunits were lost from the HsOrc2,3,5 subcomplex during sedimentation through the glycerol gradient. The HsOrc4 subunit was detected in the low-molecular-weight fractions, whereas the majority of HsOrc1 could not be recovered from the gradient. Because HsOrc1 was not found in the pellet fraction (data not shown) we suspect it to be degraded during sedimentation upon loss of subunit contacts within HsORC purified in the absence of ATP. A fraction of HsOrc4 was still associated with HsOrc2,3,5. Inclusion of ADP during purification did not stabilize the HsORC, whereas its integrity upon inclusion of ATP␥S was indistinguishable from the results obtained with hydrolyzable ATP (data not shown). These results indicate that the continuous presence of ATP is critical for the stability of the multiprotein complex HsORC.
ATP-Dependent Protein-Protein Interactions in ORC Subcomplexes.
Based on the identification of critical HsORC subunit interactions resulting in the formation of stable subcomplexes we were able to directly address whether the observed dependence of HsORC integrity on ATP could be attributed to the formation or stability of individual subunit interactions. As in the missing subunit assay, affinity purification was through the HsOrc1C or HsOrc2N subunit. The experimental scheme was modified by performing the matrix binding, washing, and elution steps either in the absence or the presence of ATP (Fig. 4) . The formation of two subcomplexes was strictly ATP-dependent. The interaction of HsOrc4 with HsOrc2,3,5 and the interaction of HsOrc1 with HsOrc4,5 were found to be ATP-dependent. For the interaction of HsOrc2,3,5 with HsOrc4 a titration experiment showed that ATP concentrations Ͻ100 M (i.e., well below the intracellular concentration) destabilized the complex (Fig. 8 , which is published as supporting information on the PNAS web site). The same concentration dependence was found with ATP␥S. Thus, nucleotide hydrolysis is not required for the ATP-dependent subunit interactions. The subsequent preparation of nuclear extracts, affinity purification, and washing steps were done in parallel with or without 1 mM ATP. A Coomassie-stained protein gel with these two HsORC preparations is shown. Note that HsOrc2N and HsOrc3 do not resolve because purified proteins were not proteolytically removed from the affinity matrix. (b and c) After proteolytic cleavage by TEV, the different HsORC preparations shown in a were subjected to glycerol gradient centrifugation as described for Fig.  1c . Although the recombinant complex purified in the presence of ATP migrates as a single entity (b), the respective complex purified in the absence of ATP disintegrates (c). ATP was omitted from the glycerol gradient medium itself, because the presence or absence of ATP during the affinity purification was the decisive factor for complex stability. HsOrc4 ATP Binding Is Critical for the Stability of the Complex. In its primary structure HsOrc4 is one of the three human ORC subunits showing a strongly conserved ATP binding Walker A motif (24) . We reasoned that ATP binding by this protein motif is responsible for the observed nucleotide dependence of HsOrc4 integration into the holocomplex and the subcomplexes. The ATP binding Walker A motif was disrupted by substituting the lysine to alanine in the conserved GKT sequence, resulting in HsOrc4A. The respective complex (HsORC4A) was affinitypurified from infected Sf9 cells in the presence of ATP. As predicted from the previous purifications with or without ATP, the TEV eluate was indistinguishable from wild-type HsORC purified in parallel (data not shown). Upon further resolution on a glycerol gradient the mutant complex fell apart, resulting in a pattern of disintegration highly reminiscent but even more complete than that of wild-type HsORC in the absence of ATP ( Fig. 5a ; see Fig. 2 for comparison) . The effect of the HsOrc4A mutation on HsORC subunit interactions was further analyzed by subcomplex analysis. Of the two HsORC subcomplex interactions we identified before to be ATP-dependent, both involved HsOrc4. The interaction experiments were repeated with the mutated HsOrc4A subunit. ATP (1 mM) was added to all of the buffers. Unlike the wild-type HsOrc4, HsOrc4A interacted with neither HsOrc2,3,5 ( Fig. 5b) nor HsOrc1 (Fig. 5c) . The input lanes clearly show that HsOrc4A protein was efficiently expressed in the Sf9 cells, ruling out differences in expression levels as the cause of this effect. In line with earlier results no binary interaction between HsOrc5 and HsOrc1 was detected. Thus, the presence of ATP for stabilizing the human ORC is predominantly sensed and possibly mediated by HsOrc4.
ATP Is Required for the Formation of the ORC.
Next we tried to address the question of whether the observed ATP requirement is limited to the stability of HsORC once the complex is formed or whether there is also a nucleotide requirement for complex formation itself. In the absence of a true in vitro reconstitution system, ORC and its subcomplexes are formed in a cellular environment, i.e., in the presence of ATP. To perform this analysis we affinity-purified HsOrc2,3,5 in the absence of ATP, which is not required to maintain stability of this subcomplex. HsOrc4͞-4A turned out to be largely soluble in the cytoplasmic fraction of infected Sf9 cells (data not shown). Without further purification these cytoplasmic fractions were dialyzed to remove ATP from the extract. Combining the HsOrc4 apoprotein fraction with the HsOrc2,3,5 subcomplex clearly demonstrated that HsOrc4 associated with the subcomplex in an ATPdependent manner (Fig. 6, compare lanes 4 and 5) . As expected, the nucleotide binding defective HsOrc4A could not perform this interaction, independent of the absence or presence of ATP (Fig. 6, lanes 6 and 7) . Thus, ATP is a critical cofactor facilitating ORC formation, and its continued presence is required for maintaining complex integrity.
Discussion
HsORC Subunit Interactions. Among the different species where it has been identified, the eukaryotic initiator protein ORC is best characterized in S. cerevisiae, in both genetic and molecular terms. One of the hallmarks of ScORC is its binding to specific DNA sequences located within origins of bidirectional DNA replication (1). These DNA binding characteristics are shared by the heterohexameric ScOrc1-6 as biochemically purified from the yeast as well as by a recombinant ScOrc1-5 (25) . Otherwise, there are few indications for a further variety of ScORC subassemblies participating in replication initiation. In contrast, for metazoan organisms with their diverging modes of origin selection there is mounting evidence for an increased heterogeneity of ORC composition. One of these additional features is the dynamic behavior of the HsOrc1 subunit, which is widely seen as one of the mechanisms preventing unscheduled replication of DNA (10) . The transitory in vivo association of Orc1 with the other ORC subunits (and thus with chromatin) may be reflected by the substoichiometric presence of recombinant HsOrc1 found by us and also in previous studies (7) (8) (9) . However, HsOrc1 fluctuations have to be considered in the context of cell-cycle regulation and posttranslational modifications. The other subunit underrepresented in most of our HsORC preparations is HsOrc6. Similar findings have been presented before (7) (8) (9) and match with the lack of in vivo data supporting a direct, chromatin-independent association of human Orc6 with the remaining ORC subunits (11) . When overexpressed in insect cells we observed variable amounts of HsOrc6 in the affinity-purified HsORC. We were unable to experimentally control this variation. Also, in preparations containing substantial amounts of HsOrc6 it dissociated completely from the other HsORC subunits upon sedimentation in glycerol gradients, in clear contrast to findings, e.g., in Drosophila ORC (6) . From our data we can also not exclude that the reduced and inconsistent binding we observe for HsOrc6 with the other HsORC subunits is due to artifactual interactions caused by the high expression levels of the subunits. To determine whether under physiological conditions the human Orc6 protein is an integral part of HsORC, either on or off chromatin, will require further experimental scrutiny. It is well possible that the conditions in our experiments using recombinant HsORC are not compatible with HsOrc6's association in the holocomplex, despite occuring in vivo. Alternatively, some functions of human ORC, like its eponymous activity of origin recognition, may be executed by a heteropentamer.
Based on the results of a missing-subunit assay (25) we present a model for interactions between individual ORC subunits. Similar attempts have been made to analyze the subunit interactions of human ORC by coexpression of various subunit combinations (7, 9) . These studies place HsOrc6 and HsOrc1 outside the central interaction map, in agreement with the mostly substoichiometric presence of these subunits in our subcomplex analysis. There is also an agreement about the prominent HsOrc2,3 interaction. Different conclusions about individual subunit interactions could be because of the different tags and͞or antibody reagents used and, in particular, the mainly binary or ternary interaction studies vs. the missing-subunit assay.
A Structural Role of ATP for HsORC. Our experimental approach allowed us to define a HsOrc1,4,5 complex, i.e., the human ORC subunits encoding consensus ATP binding and ATP hydrolysis motifs, which, among other structural features, place them in the AAAϩ family of proteins (3). However, two recent in silico analyses using different structure prediction algorithms suggest that also Orc2 and Orc3 share these structural features (M. Botchan, personal communication, and ref. 26) . In this scenario Orc1-5 would form a heterooligomeric assembly of all AAAϩ or AAAϩ-like proteins commonly found in other multisubunit protein complexes involved in replication initiation (27) . One hallmark of this protein family are the conformational changes triggered by ATP binding and͞or hydrolysis. Structural analysis revealed that in AAAϩ oligomers the nucleotide binding site is often located at the interface between two subunits, with both of them contacting ATP (27) , providing a plausible explanation of how individual ATP binding͞hydrolysis events result in structural alteration of a holocomplex. For ScORC only the ATP binding to the ScOrc1 subunit has been correlated with a distinct function in replication initiation by facilitating the interaction with DNA (4). ScOrc4-assisted hydrolysis of this ScOrc1-bound ATP is required for the reiterated loading of minichromosome maintenance proteins (5). ScOrc4 itself shows only a weak match to consensus ATP binding͞hydrolysis motifs, and respective mutations do not result in discernable phenotypes either in vitro or in vivo (4) . In budding yeast a mutation of the consensus Walker A motif of ScOrc5 resulted in a temperature-dependent growth retardation (13, 28) , which might be explained by an increased genomic instability in such mutants (14) . Biochemical analysis of this mutant complex, however, did not show a major effect on ScORC͞DNA interactions. Thus, the picture emerging from the analysis of ScORC is largely in line with that of Drosophila, where only ATP-defective DmOrc1, but not DmOrc4 or DmOrc5, showed an effect on ORC's ATPase activity and its function in an in vitro replication system (12) . In contrast, all human Walker A box mutant ORCs fail to stably associate with chromatin (22) . Thus, in the various organisms analyzed specific ATP interactions of ORC appear to have different functional consequences, possibly contributing to the species-specific differences in its part in origin selection and replication control.
To gain a better understanding of ORC's functional dependence on nucleotide binding we extended our initial subunit interaction studies to a comparative analysis with or without ATP. Complex formation in our experiments is intracellular, i.e., in the presence of ATP. We therefore decided to isolate the recombinant HsORC in the absence and presence of ATP during the affinity purification and washing steps. In this situation the procedure we followed did not result in any appreciable difference in the integrity of the holocomplex upon SDS͞PAGE analysis. Upon glycerol gradient centrifugation, however, ORC purified in the absence of ATP partially disintegrated, pointing to structural differences caused by the removal of ATP. Most prominently, the HsOrc4 subunit dissociated from the core complex. The effect is not quantitative, which might be because of persistent nucleotide binding as prolonged washing aggravated the loss of HsOrc4 (data not shown). Results obtained after the inclusion of ATP-binding-deficient recombinant HsOrc4A in the protocol point in the same direction. The mutant subunit participates in initial complex formation when all subunits are overexpressed (see also ref. 22) , showing that the alterations in the amino acid sequence of the Walker A motif did not cause gross changes in protein conformation. With respect to the ATP dependence of subunit interactions shown here a perspicuous explanation for ORC formation under these conditions is the masking of such defects upon overexpression, as previously discussed for the formation of ScORC5-A (29). However, HsORC4A lost the ATP-binding-deficient subunit completely upon further purification; this result is similar to but more quantitative than our results obtained by purification of wild-type HsORC in the absence of ATP. All of these experiments indicated structural changes in the HsORC in the absence of ATP binding, which we tried to detail in subcomplex analyses. Indeed, by assaying the previously defined HsOrc1,4,5 and HsOrc2,3,4,5 subcomplexes we were able to demonstrate a striking effect of ATP on specific subunit interactions. ATP was required to maintain the interaction of HsOrc4 with the stable HsOrc2,3,5 subcomplex and that of HsOrc4,5 with HsOrc1. The emerging picture in which the HsOrc4 subunit plays a critical role in mediating the ATP effect on subunit interactions was confirmed by using the ATP binding mutant of HsOrc4.
Structural Dynamics of HsORC. Mechanistically, the structural changes of HsORC upon loss of ATP as assayed by the stability of the complex could reflect steps involved in replication initiation downstream of ATP-dependent DNA binding and subsequent nucleotide hydrolysis (5). The interpretation of such an event in the context of our results with HsORC would strongly depend on whether ADP dissociates rapidly from an initiator protein (28) or whether it is stably bound (30) , potentially requiring the assistance of exchange factors for reloading of ATP. Another conceivable nucleotide-dependent control mechanism over ORC function is the formation of the protein complex itself. Bipartite ATP interaction domains constitute the interface between AAAϩ-type oligomeric initiator proteins (3, 31) , compatible with a role for the nucleotide in the oligomer-ization step itself. We were able to directly monitor such interactions. Most prominently, HsOrc4 joined the HsOrc2,3,5 subcomplex only in the presence of ATP. Independent of whether this reflects an intermediate step in the ordered assembly of ORC in vivo, the results identify a possible access point for the control over ORC function in de novo complex formation, dynamic interactions of individual subunits, or functional recycling of ORC.
In summary, our experimental approach revealed a more complete picture of the interactions between ORC subunits. The core complex is mostly regarded as a rather rigid protein assembly with dynamic interactions taking place in its periphery. Although largely consistent with this concept, our analysis adds more flexibility to it. The observed effects of ATP on ORC point to a structural role for nucleotide binding and offer explanations of how control over productive ORC formation or maintenance might be exerted. However, the full complexity of ORC͞ATP interactions and nucleotide metabolism is far from resolved. Our data on specific, ATP-dependent subunit interactions could also reconcile more static views of a core complex as outlined above with different, more dynamic views of ORC (32, 33) .
Materials and Methods
Purification of Recombinant HsORC. Sf9 cells were infected simultaneously with the six baculoviruses coding for the different ORC subunits. One of the ORC subunits, either Orc1 or Orc2, was always tagged to facilitate affinity purification of the complex. The baculovirus-infected Sf9 cells were kept at 27°C, and the cells were harvested 60 h after infection. Harvested cells were washed twice in ice-cold PBS. Cells were then either lysed immediately or snap-frozen in freezing buffer (PBS͞2 mM MgCl 2 ͞10% glycerol). For lysis, ice-cold lysis buffer (PBS͞2 mM MgCl 2 ͞0.1% Nonidet P-40͞10% glycerol͞1 mM PMSF) was added to the cells. This lysis buffer was supplemented with 1 mM ATP in all experiments unless stated otherwise in the text. All further steps were done at 4°C. Cells were resuspended and incubated for 5 min. The nuclei were pelleted by centrifugation at 1,500 ϫ g for 4 min. The nuclei pellet was washed once in lysis buffer and salt-extracted in lysis buffer supplemented with 300 mM KCl for 1 h. The soluble proteins were collected by centrifugation at 20,000 ϫ g for 20 min. The nuclear salt extract was used for HsORC affinity purification experiments. A typical experiment involved infection of 50 ml of Sf9 cells. The cell pellet was lysed in 8 ml of lysis buffer. Isolated nuclei were extracted in 2 ml of lysis buffer with 300 mM KCl.
A total of 25 l of 50% anti-hemagglutinin affinity matrix (rat monoclonal 3F10; Roche) was added to 1 ml of nuclear extract and incubated overnight at 4°C with overhead rotation. The antibody binding was done in siliconized 1.5-ml Eppendorf tubes. The beads were washed five times with a total of 5 ml of ice-cold lysis buffer. The proteins bound to the affinity matrix were eluted by proteolytically cleaving the tag on HsORC using TEV protease enzyme (Invitrogen). For TEV digestions, 1ϫ TEV protease enzyme buffer and 10 units of TEV protease enzyme were added to the washed beads in a total volume of 100 l. The beads were incubated at 16°C for 2 h for TEV digestion. For SDS͞PAGE analysis 12% polyacrylamide protein gels were used unless indicated otherwise. Either the eluate was collected after centrifugation or the proteolysis reaction was loaded directly on the gel. Where indicated, the affinity-purified recombinant HsORC was subjected to a 15-28% glycerol gradient centrifugation in 20 mM Hepes, pH 7.6͞150 mM NaCl͞1 mM MgCl 2 ͞0.5 mM EDTA͞1 mM DTT. Ultracentrifugation was carried out on a SW 60 Ti rotor at 42,500 rpm for 16 h at 2°C by using a L-70 Ultracentrifuge from Beckman. Fractions (200 l) were collected from the top, and aliquots were resolved by SDS͞PAGE.
Missing-Subunit Assay. To study the contribution of individual HsORC subunits to the architecture of the complex, an assay was devised where one subunit at a time was left out during the infection of Sf9 cells. A comparable approach was previously used to analyze the DNA binding properties of ScORC subassemblies (25) . Affinity purification was by means of HsOrc1C or HsOrc2N. Complex purification was done as described above.
